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Chapter Ⅰ Introduction and Basic Theory of Integrated Ring Resonator and Micro Lens 
1.1 Introduction 
Integrated ring resonator has generated wide interests in the detection and sensing field. The 
ring resonator is consisting of waveguides where one waveguide is a closed loop, and it will couple 
the light input and output. And now this photonic device has been widely used as optical sensor 
and filters in the telecommunications, biomolecule and biomedicine field. 
 
And now the integrated micro resonators are investigated and utilized by many research 
groups. The most application of micro ring and micro lens can be fabricated in CMOS compatible 
microelectronic process. 
1.2 Basic Theory of Ring Resonator 
The basic single polarization ring resonator structure is shown as figure 1.1, the radius of ring 
resonator is r, assuming that mode of the resonator is single unidirectional and the coupling is 
lossless. 
 
Figure 1.1 Ring resonator channel dropping filter 
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The attenuation constant can be expressed the various kinds of losses occurring along the 
propagation of light and can be described by the following: 
 
 
The E are normalized, and that their squared magnitude corresponds to the modal power.  
 
Figure 1.2 Model of a single ring resonator with one waveguide 
  
The t and k are the coupler parameters, and usually the * denotes the conjugated complex 
value of t and k, respectively. 
 
The matrix is symmetric because the networks under consideration are reciprocal. Therefore 
|𝑘2| + |𝑡2| = 1                          (1.1) 
 
To further simplify the model, 𝐸𝑖1 is picked to be 1. Then the round trip of the ring is given 
by  
 𝐸𝑖2 = 𝑎 ∗ 𝑒
𝑗𝜃 ∗ 𝐸𝑡2                         (1.2) 
Where the a is the loss coefficient, 𝑒𝑗𝜃 express the phase change in one round trip. 
 
Thus the 𝐸𝑖2, 𝐸𝑡1, and 𝐸𝑡2 can be solved: 
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                          (1.6) 
 
In the thesis paper, all experiment part is totally done by simulation environment, and that 
means there no absorption and isotropic are considered. Thus, the one ring resonator with one 
waveguide is not valuable. Another basic model of ring resonator is adding an extra slab waveguide 
at the other side, shown in figure 1.3 and figure 1.4.  
 
 
Figure 1.3 Ring resonator consists of one ring and two slab waveguides 
   




Figure 1.4 Model of a basic add-drop single ring resonator 
 
And the coupling coefficient between input waveguide, output waveguide and ring both follow 
the equation (1.1), what’s more, the t1 and k1, t2 and k2 in the figure 1.4 are equal to each other. 
 
And assuming 𝐸𝑖1 = 1, 𝐸𝑖2 = 0, a=𝑎1/2
       2, θ = 2 ∗ 𝜃1/2, and the following will get: 








                     (1.8) 
 









                    (1.10) 
The energy equations are the following: 
𝑃𝑖1 = 1 
 
   














                    (1.12) 
 
In the simulation environment, we set the a=1, although it can only be achieved by the 
implementation of gain incorporated in the ring resonator to compensate the waveguide losses. A 
possibility of achieving minimum intensity (𝑃𝑡1 = 0) at resonance of the output transmission. So, 




|                           (1.13) 
 
However, the speed of EM wave in the waveguide is fast, the change of medium is small. 
When adding a ring resonator, the property of ring resonator can also be roughly explained by the 
concept of constructive interference. So, when the light crosses the ring resonator, and the 
wavelength follow the equation to resonance occurs. 
 




Ring resonators can be described by the following general definition and equation. 
 
FSR: the distance between resonance peaks, which is called the free spectral range 
 
FSR = ∆𝜆 ≈
𝜆2
𝑛𝑒𝑓𝑓∙𝐿
                      (1.15) 
 
FWHM: the resonance width which is defined as the full width at half maximum 
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FWHM = 2δ𝜆 =
𝑘2λ2
𝜋𝐿𝑛𝑒𝑓𝑓
                    (1.16) 
 
F is the finesse of the ring resonator, usually it can be described by the ratio of the free spectral 











                  (1.17) 
 








∙ 𝐹                   (1.18) 
 
 
Figure 1.5 Illustration of Free Spectral Range and Full-Width Half Max  
   




Figure 1.6 Transmission Spectrum of the Ring resonator(a)T1port(b)T2 port 
 
The figure 1.6 shows the simulation result of the ring resonator in figure 1.3. The figure 1.6(a) 
shows the spectrum of throughput port, which is named as T1 in figure 1.4. The figure 1.6(b) 
shows the spectrum of drop port, which is named as T2. Compared these two peaks, the T1 are 
downwards, and T2 are upwards. Those conclusions agree the equation 1.14: wavelength fits the 
coupling condition propagate through the ring waveguide to output port, and the rest are remained 
in input port. 
1.3 Basic Theory of EM Wave 
The electromagnetic wave (EM wave) is shown in figure 1.7, the distribution of electrical field, 
magnetic field and the direction of propagation are perpendicular to each other. 
 
And the Maxwell’s equations can describe the behavior of EM wave. 
 
Gauss’s Law: ∇ ∙ E =
𝜌
0
                  (1.15) 
   




Gauss’s Law for magnetism: ∇ ∙ B = 0              (1.16) 
 
Maxwell-Faraday equation: ∇ × E = −
𝜕𝐵
𝜕𝑡
             (1.17) 
 
Ampere’s circuital law: ∇ × B = 𝜇0(𝐽 + 0 ∙
𝜕𝐸
𝜕𝑡
)           (1.18) 
 
Where 0  is the permittivity of free space, 𝜇0 is the permeability of free space, 𝜌 is electric 
charge density, and J is the electric current density. 
 
 
Figure 1.7 Illustration of Electromagnetic Wave 
 
The propagation of EM wave is affected by two main parameters of medium: permittivity 0 
and permeability 𝜇0. The waveguide is a structure designed to limit the propagation of EM wave 
shown in figure 1.8. And the refractive index of waveguide layer is larger than medium so EM 
wave would suffer total internal reflection while limited inside the waveguide layer.  
 
   




Figure 1.8 the Planar Waveguide 
1.4 Basic Theory of Micro Lens 
1.4.1 Introduction 
The nanoscale subwavelength grating structure has been investigated widely as it promises a 
series of applications in integrated nanophotonic. In previous studies, low-contrast gratings, such 
as zero-contrast gratings (ZCG) based on guided-mode resonance structures and high-contrast 
grating were investigated as wideband reflectors. These types of subwavelength structures have 
the potential to be utilized in many applications including optical filters, sensing, and 
photodetectors, while offering flexible tunability of resonance wavelength and a high Q-factor. 
Until recently, nanorod arrays with high aspect ratios have attracted wide attention for their 
potential application into areas such as antireflection, self-cleaning, and super hydrophobicity. 
These subwavelength grating structures can be fabricated by various template-assisted etching 
fabrication techniques. A dry etching technique is one of the most favorable methods due to its 
excellent controllability and compatibility with the complementary metal–oxide-semiconductor 
(CMOS) technology. Both vertical and transverse etchings in most dry etching processes, such as 
the reactive-ion-etching technique, normally require a good control of the etching rate to achieve 
designed selectivity over underneath thin film. 
 
Concentrating lenses are one of the most important applications of subwavelength grating 
structures. Various micro lenses, ranging from the traditional dielectric lenses to plasmonic lenses, 
have been designed based on the coupled-wave diffraction method. Among all such micro lenses, 
the subwavelength structure designs based on recently proposed HCG structures have gained the 
most attention on account of their compatibility with planar CMOS integration processes while 
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retaining excellent light focusing properties. 
 
In this study, we discovered the existence of a threshold in grating thicknesses, where the light 
concentration property of the grating lenses spikes drastically upon breach. This effect is 
hypothesized to be the consequence of the formation of a complete concentration mode inside each 
bar, which significantly facilitates the mode interference between adjacent bars. Moreover, steadily 
varying the grating thickness yielded the discontinuous change in the focus property, which may 
indicate that the mode confined inside the grating (i.e., light trapping) maybe subject to a self-
interference effect along the light propagation direction. 
 
1.4.2 Zero-Contrast Gratings Subwavelength Grating Structures 
ZCG subwavelength grating structures are shown in Fig. 1.9. As shown in Fig. 1.9, the gratings 
are composed of silicon nitride (Si3N4 with a refractive index of 2); each bar has a different bar-
width (S0; S1…,SN) and has varied airgaps (A0;A1;…,AN) between adjacent bars. Both the bar-width 
and airgaps are designed to achieve a concentration effect; the bar-width is varied from 180 to 80 
nm, while the airgap is varied from 170 to 60 nm. The relationship of SN and AN is designed such 
that the light passes through the gratings in the same phase on the focus. That is, for each bar SN, 
the phase remains ∅(x), where y is the focal length given as 
 
 






                      (1.19) 
 
The waveguide layer shown in Fig.1.9 for ZCG is a waveguide layer which is typically 
naturally formed through the dry etching method and consists of the same material as the grating 
layer (Si3N4 in this study). The ZCG structure is created by adding a waveguide layer with the same 
material as the gratings; the refractive index difference between the gratings and the bottom 
waveguide layer is zero. Glass, which is considered as a homogeneous material with a refractive 
index of 1.48, is chosen as the substrate layer. 
 
   




Figure 1.9 Zero-contrast grating 
1.4.3 Simulation Methods 
Numerical analysis of the light concentration characteristics and electromagnetic (EM) field 
distribution is performed using the finite-difference-time-domain simulations. A TM polarized 
broadband planewave source (750 nm) is launched in the positive direction of the z-axis and 
interacts with the subwavelength structure. Perfect matched layers boundary conditions are placed 
above the top and below the bottom boundaries of the simulation window such that the vertically 
transmitted and reflected EM waves are absorbed. 
 
Several detectors are placed below the structure to collect the transmitted light. In order to 
observe the EM field distribution at certain wavelengths, a monochromatic EM plane wave is 
launched normally at the desired wavelength; the EM intensity in the structure is then recorded. A 
fine grid of size 5 nm, together with a sufficiently long duration time, is used to conduct the 





   




Fig. 1.10 (a) Field distribution at 750-nm source of 200-nm grating thickness. 
(b) Magnetic field distribution at 750-nm source of 250-nm grating thickness. 
(c) Magnetic field distribution at 750-nm source of 300-nm grating thickness. 
(d) Magnetic field distribution at 750-nm source of 600-nm grating thickness. 
(e) Magnetic field distribution at 750-nm source of 800-nm grating thickness. 
(f) Magnetic field distribution at 750-nm source of 1000-nm grating thickness. 
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Chapter Ⅱ Ring Resonator Based Methane Sensor 
2.1 Introduction 
It’s well-known that alkanes, especially the methane, even if the concentration is low, it is a 
compound very dangerous to human safety and the environment. The earliest gas detection sensor 
is electrical sensor. The Electrical sensors through the over-sensitive components covert the gas 
concentration to electrical parameters for transmission. 
 
Several measurement techniques were previously used for development methane sensor. 
Traditionally, metal oxide films are used as a gas sensitive material. These sensors worked based 
on the principle of semiconductor surface conduction of sensors changes in relation to the 
absorption of the target gas like methane. 
 
A fiber core methane sensor ring resonator based on the change of refractive index, especially 
applied on the ordinary fiber is stated in this chapter. This methane sensor detects the changes in 
the output light intensity to calculate the refractive index through the photodetector, resulting in 
methane concentration.  
2.2 Basic Model and Simulation 
2.2.1 Single Ring Model 
The basic model in this thesis simulation is shown in figure 2.1, the ring resonator parameters 
are: the diameter of ring waveguide is 3000nm, which is coupled with two straight waveguides. 
The light path is input from the left bottom corner and collect from the right top corner of the slab 
waveguides. In order to keep the single waveguide mode condition, these slab waveguides both  
   
     
14 
 
have a width of 200nm. The red layer is cryptophane-A material, which will introduce in the next 
paragraph, the width is 500nm deposited in the inner surface of the ring resonator. The gap between 
the ring and the straight waveguides is 100nm. Because the critical coupling condition of the ring 
resonator without the inner layer is close to 100nm, and the coupling gap also depends the coupling 
power. 
 
The blue layer is the main material silicon (Si), the refractive index of Si is 3.48, notes that in 
this thesis simulation the wavelength is limited in the 1500-1600nm, the bottom cladding is SiO2 
with refractive index 1.45 in 3D model. 
 
 
Figure 2.1 the top view of the methane-sensitive material cryptophane-A layer coating  
 
Figure 2.2 Chemical structure of cryptophane-A 
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The basic theory of the methane sensor is the cryptophane-A is equivalent to micro ring’s 
cladding, when methane reacts with it, will cause an obvious refractive index change. That also 
cause the effective refractive index the propagation mode changes, eventually causing resonance 
wavelength shift. The process is such like the figure 2.3. 
 
The studies have shown that cryptophane-A has a strong affinity for methane and at last 6 
months stability. Based on this, this thesis used it as the ring resonator sensitive layer. When the 
sensitive layer is in contact with methane, the methane molecules expand disperses into the interior 
of cryptophane-A layer and interacts with non-covalent interactions, and selectively enter the hole 
in cryptophane-A molecule, cause the refractive index of the layer changes, thus the effective 
refractive index of the micro ring resonator changes and the resonance wavelength shifts. Studies 
also have shown that the refractive index of cryptophane-A increases with the increase of the 
methane concentration, as the figure 2.4 shown. The refractive index n of the film is almost linear 
with the methane concentration C, the slope is 0.053. 
n = 0.053C + 1.412                       (2.1) 
 
Figure 2.3 the Basic Theory of Ring Resonator Based Methane Sensor 
 
   




Figure 2.4 The Relationship between the Cryptophane-A Refractive Index and Methane 
Concentration 
 
The concentration of methane in the surrounding environment increases, the 𝑛𝑒𝑓𝑓  will 
change according to the change in the refractive index of cryptophane-A layer. For example, the 
refractive index of cryptophane-A at wavelength 1550nm is n=1.412, α = 0.001, where the n is 
the real part and α is the imaginary part. In the 0% to 12% range, the change of the refractive 
index is almost linear to the variation in the methane concentration.  
 
This simulation is applied to our FDTD simulation. The boundary condition is the perfect 
matched layer, also called PML, the FDTD grid size is 20nm, and the input signal is a wavelength 
range 1500nm to 1580nm sinusoidal pulse. Also, the long evolution time steps are necessary to 
ensure the precision and resolution of the results. This part will main introduce the half cover of 
cryptophane-A layer. 
 
   




Figure 2.5 Top View of the Ring Resonator with Half Cover Cryptophane-A 
 
The figure 2.6 shows the resonance wavelength shift between 1520 to 1530nm for 
cryptophane-A coated micro ring resonators when methane concentration is increased from 0% to 
12%. As the figure 2.6 shown, the resonance wavelength has shift of approximately 0.017 nm (i.e., 
0% methane resonance wavelength is 1.524042 um, and 2% methane resonance wavelength 
is 1.524058 um).  
 
From the above result, the integrated micro ring resonator methane sensor can detect changes 
in methane concentration from the resonance wavelength shift using precision spectrometer. The 
relationship between the resonance wavelength and the methane concentration is  
𝜆 = 1.5240 + 1.7 ∗ 10−7𝐶                        (2.2) 
 
This method has less requirements on the incident angle and refraction angle to the fiber and 
avoid the light loss at the intersection of single mode fiber and multimode fiber or the bend. That 
will be resulting in light intensity due to the lack of fiber itself collapse and weaken, affecting the 
detection accuracy. Due to the ultra-small size of the micro ring resonator structure, the resonance 




   




Figure 2.6 the Resonance Wavelength shift of the half-Covered Ring resonator with 
methane concentration variation from 0%~12%. 
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2.2.2 Investigation of the Coverage Proportion of Cryptophane-A 
As the result shown, the real part n of the refractive index determines the resonance 
wavelength shift because of the methane concentration changed. That exists a tradeoff between the 
resonance wavelength and the resonance mode quality factor (Q), we can assume that if there is 
more coating of cryptophane-A layer, there may have more wavelength shift for the higher Q. 
Therefore, the cover proportion of Cryptophane-A layer is necessary to investigate further. 
 
The cover proportion is investigated by simulation with four different structures, shown in the 
figure 2.7, the ring resonator coved with (a) one-fourth, (b) half, (c)three-fourth and (d)full with 
the methane-sensitive material cryptophane-A. 
 
 
(a)                              (b) 
 
(c)                               (d) 
Figure 2.7 (a) one-fourth cover (b) half cover (c) three-fourth cover (d) full cover 
 
Figure 2.8, 2.9, 2.10 and 2.11 show the simulation results of one-fourth, half, three-fourth and 
full covered cryptophane-A micro ring resonator structure, respectively. 
 
   




Figure 2.8 one-fourth-covered simulation result 
   




Figure 2.9 half-covered simulation result 
 
   




Figure 2.10 three-fourth covered result 
 
   




Figure 2.11 full covered result 
 
 The result can be clearly observed that a higher coverage proportion will contribute to a larger 
resonance wavelength shift. With 2% methane concentration increased, the resonance wavelength 
shift is: 0.008nm for one-fourth covered, 0.017nm for half covered, 0.032 for three-fourth covered 
and 0.066 for full covered.   
 
 This result can used be on the ultra-small micro ring resonator structure (um), and it is 
convenient applied in antenna. It avoids electromagnetic interference on methane sensor like 
catalytic and metal oxide sensors, electrochemical sensor and thermoelectric gas sensor. But it still 
need a high-resolution spectrometer on the output part to detect the wavelength shifts. 
   
     
24 
 
2.3 Double Cascaded Ring Structure 
2.3.1 Introduction 
Recently intense work has been devoted to the development of optical label-free biosensors, 
particularly the waveguide based evanescent field sensors due to their potential for high-sensitivity 
and suitability for implementing into an array format. The waveguide evanescent field sensors rely 
on monitoring the perturbation of the waveguide mode effective index 𝑛𝑒𝑓𝑓 due to the presence 
of an analyte in the solution that is in contact with the waveguide surface. An optical interference 
structure such as a Mach-Zehnder interferometer or an optical resonant structure such as a micro-
ring resonator is commonly used. The latter can provide a higher sensitivity due to the sharp 
resonance peak. The effective index variation can be detected by wavelength interrogation or 
intensity interrogation for a fixed wavelength. With wavelength interrogation, the accuracy of the 
measurable effective refractive index variation is determined by 𝛿𝑛𝑒𝑓𝑓 = 𝑛𝑒𝑓𝑓𝛿𝜆/𝜆, where 𝛿𝜆 
is the wavelength accuracy limited by the measurement instrument. For 𝛿𝜆=0.01nm in the 1550nm 
wavelength region, 𝛿𝑛𝑒𝑓𝑓 is in the order of 2×10
−5. 
 
In this thesis, we investigate a new waveguide sensor based on two cascaded micro ring 
cavities of slightly different diameters, using the Vernier effect to gain the resonance wavelength 
shift. This can greatly increase the sensitivity of the effective refractive index and the resonance 
wavelength shift stated in the above part without using a high-resolution spectrometer.  
2.3.2 Device Structure and Conclusion 
The figure 2.12 and 2.13 shows schematic and simulation methane sensor, which consists of 
a reference ring A cascaded with a sensing ring B. The optical path lengths of these two rings are 
designed to be slightly different to employ the Vernier effect by choosing different radius 
(𝑅𝐴 𝑎𝑛𝑑 𝑅𝐵). Thus, the free spectral ranges (FSR) is different for ring A and ring B, respectively. 
 
   




Figure 2.12 Schematic of the cascaded micro ring resonator sensor 
 
Figure 2.13 Simulation of the cascaded micro ring resonator sensor 
 
To describe the principle of the two cascades ring sensor, the theory transmission spectra 𝑇𝐴 
and 𝑇𝐵 for ring A and ring B are plotted in Figure. In our design, the 𝑅𝐴 <  𝑅𝐵, where 𝑅𝐴 =
1.5 𝑢𝑚，𝑅𝐵 = 2𝑢𝑚, that means ∆ 𝜆𝐹𝑆𝑅𝐴 > ∆ 𝜆𝐹𝑆𝑅𝐵 . What’s more, the total transmission 
spectrum T=𝑇𝐴 × 𝑇𝐵, as shown in figure 2.14. The variation of refractive index of the cryptophane-
A results in a change in the effective refractive index of ring B ∆𝑛𝑒𝑓𝑓, and the change of resonance 
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wavelength is ∆ 𝜆𝐵 = 𝜆𝐵(
∆𝑛𝑒𝑓𝑓
𝑛𝑒𝑓𝑓⁄ ), this is the wavelength shift data stated in the above part. 
 
Figure 2.14 Theory transmission spectra of ring A (a) and ring B (b); and (c) total 
transmission spectrum. 
 
And according to the Vernier effect, the total change ∆𝜆 = ∆ 𝜆𝐵 × [∆ 𝜆𝐹𝑆𝑅𝐴/(∆ 𝜆𝐹𝑆𝑅𝐴 −
∆ 𝜆𝐹𝑆𝑅𝐵)] , this means the sensitivity of two cascaded rings resonator is gained by a factor of 
G=∆ 𝜆𝐹𝑆𝑅𝐴/(∆ 𝜆𝐹𝑆𝑅𝐴 − ∆ 𝜆𝐹𝑆𝑅𝐵). As compared with the data in part 2.2, it has a more than 10
4 
gain as figure 2.15 shown. The Figure 2.15 is half covered and 2% methane condition.  
 
Figure 2.15 The simulation result of two cascaded ring with half covered and methane 2% 
concentration 
 
Form the result, it can be clearly got that the detected wavelength shift ∆𝜆 is about 147 nm, 
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compared with the same condition result (0.017nm) in part 2.2, the result has a 104 gain. Because 
of the simulation, the radius is not large as the theory value (more than 10 um), the result is not 
perfect as theory value (the single one ring transmission is shown in figure 2.16). But it also very 
straightforward performance the gain of this method. This can greatly increase the sensitivity of 
the effective refractive index and the resonance wavelength shift stated in the above part without 
using a high-resolution spectrometer. 
 
Figure 2.16 The real single one ring transmission 
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Chapter Ⅲ Transmission Enhancement of Subwavelength Grating Micro Lens by Tapered 
Nano Structure (published) 
3.1 Introduction 
The emerging planar subwavelength micro lens have attracted wide attention recently. There 
exists a trade-off in selection of phase shifter materials for the lens designed with linearly polarized 
incidence. In this work, we have discovered that it is possible to utilize tapered nano structure to 
increase the transmission of phase shifters built with high refractive index materials. A typical 
grating micro lens is demonstrated to examine the effectiveness of taper-enhancement effect - the 
focus efficiency is increased from 9% to 28% with properly designed tapered sidewall. Our work 
will provide a novel method to enhance performance using high refractive index materials in the 
emerging micro lens field.  
3.2 Basic Model and Simulation  
Subwavelength micro lens is one of the emerging planar micro optical devices with great 
potential in a variety of applications. Among this field, high refractive index contrast nano 
structures shows great advantages in areas such as spectrally modification of optical wave front. 
These advantages have enabled the micro lens to be designed in a scale ranging from microns to 
several millimeters with focus size less than a micron.  
 
The design of subwavelength micro grating lens follows a widely acknowledged phase 
matching process. Basically the micro grating lens is consisting of a group of phase shifters (e.g. 
subwavelength nano gratings defined by period and fill factor) that each of them will tune the 
phase of light (that pass through this phase shifter) based on its dimension and refractive index. To 
be specific, the phase profile of a typical focusing subwavelength grating lens is governed by the 
equation: 
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ϕ(x) − ϕ(0) =
2𝜋
𝜆
(√𝑥2 + 𝑓2 − 𝑓) = −∆ϕ                (3.1) 
 
Where 𝜆 is the incident wavelength, f is the designed focal length, x is the distance between 
the phase shifter and the center of the lens, ϕ(𝑥) is the phase needed for this phase shifter, and 
ϕ(0) is the phase at the center of lens. ∆ϕ is the phase difference created by the nano structure at 
this location. For micro grating lens, necessary phase shifts (e.g. ϕ(𝑥)) can be acquired through 
different subwavelength nano structures (gratings) defined by period and fill factor (also known 
as duty cycle). In other words, the focusing subwavelength grating lens is designed by selecting 
appropriate grating structures to fulfill the phase profile of a focusing lens (e.g. eq. 3.1). 
 
Based on the subwavelength nature of phase shifters, physical realization of the micro lens 
relies on nano fabrication techniques. To be specific, it can be either fabricated through reactive 
ion etching (top down process) or deposition then lift-off (bottom up process). Despite the 
difference in processes details, both of the two techniques have one common challenge that it is 
extremely difficult to fabricate structures with high aspect ratio (e.g. ratio higher than 5:1 thickness 
vs. width). For planar gratings lens that is designed under linearly polarized incidence (e.g. 
utilization of propagation phase not Pancharatnam-Berry phase), different phase shift is created by 
altering the equilibrium refractive index. In order to achieve enough phase shift in visible 
wavelength with limited thickness (e.g. low aspect ratio), researchers have looked into high 
refractive index material such as GaN and TiO2 . While high refractive index materials are enabling 
phase shifters more phase shift with comparatively low aspect ratio, their transmission may 
experience a significant drop. 
   




Figure 3.1 Phase diagrams and transmission for single phase shifters with thickness of 400 
nm.  (a) Phase diagram for Si3N4 phase shifter. (b) Phase diagram for TiO2 phase shifter. 
(c) Transmission for Si3N4 phase shifter. (d) Transmission for TiO2 phase shifter. The 
thickness of all phase shifters is fixed at 400 nm. 
 
To compare the phase shift and transmission of high index and low index nano structures, we 
have chosen two materials as Si3N4 (refractive index 2.0) and TiO2 (refractive index 2.55) and 
conducted the study through two dimensional finite different time domain method (FDTD) under 
light incidence of 685 nm, showed in Fig. 1. Nano structures in Fig. 1 are defined by period and 
fill factor (also known as duty cycle), and the dimensions presented here covers most conventional 
phase shifter dimensions in 2D domain. Perfect match layer (PML) is applied on boundaries (both 
ends) of incident direction to truncate simulation area. Periodical boundary condition is applied 
(on other 2 boundaries) for the extension of grating during the creation of phase map. Sufficiently 
long time steps and sufficiently small grid size are utilized to ensure the precision of FDTD 
simulation. The refractive index of air is set as 1 and the phase shifter is mounted on a glass 
substrate with refractive index of 1.5. The imaginary part of refractive index is neglected.  
 
Showed in Fig. 3.1 (a) for a single Si3N4 phase shifter with thickness of 400 nm, the phase can 
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be shifted in a range of 68 degrees (0.37π) with the variation of nano structure dimensions (period 
from 0.3 to 0.48 μm, fill factor from 0.2 to 0.5). In comparison, TiO2 counterparts (in same 
dimensions) can cover all phase shift (e.g. 360 degree), as showed in Fig. 3.1 (b). While the 
transmission rate for this group of TiO2 phase shifters can be as low as 20% (Fig. 1 d), in sharp 
comparison with their Si3N4 counterparts with transmission above 80% for most of phase shifters 
shown in Fig. 3.1 c.  
 
As a result, in order to design an optimum planar micro lens, one should either increase the 
phase coverage of low index material nano structures or increase the transmission of high index 
material nano structures. While the most effective way of increasing phase coverage of nano 
structures is to increase its thickness (increase single mode propagation length inside the structure). 
While this idea may not be practical, as we already approaching the limit of current nano 
fabrication with 80 nm of feature size and 400 nm of thickness. Upon realizing this, we have to 
consider through another direction as mentioned previously, that is to increase the transmission of 
high index material nano structures. 
 
Moth eye is a subwavelength conical structure which is proved to have enhancement effect on 
transmission for high refractive index organic material (moth pupil). Recent study has mimicked 
the moth eye with subwavelength tapered structures in a more microscopic scale to achieve giant 
light extraction for high refractive index devices such as scintillators. On the other hand, the 
creation of tapered structure has long been considered as a side effect of reactive ion etching.  The 
side wall taper is especially common during the etching of subwavelength micro lens structures as 
a number of nano structures (phase shifters) with a wide range of dimensions is etched at the same 
time. In addition, recent studies have achieved the controlled modification of nano tapered 
structure through reactive ion etching. To describe the dimension of tapered nano structure, the 
taper ratio b is defined as b= BTT/H showed in Fig. 3.2 (a), and a 2D illustration of normal grating 
lens vs. tapered grating lens is shown in Fig. 3.2 (b) 
   




Figure 3.2. (a) Description of taper ratio. (b) Illustration of 2D cross section of normal 
grating lens and tapered grating lens. 
 
Since the nano structure with tapered side wall is similar to a diminutive moth eye structure, 
will its transmission be enhanced? To answer this question, we pick the period of 400 nm and 450 
nm (frequently used when designing micro lens) and studied its transmission when varying fill 
factor and taper ratio shown in Fig. 3.3. 
 
Fig. 3.3 (a) Transmission of TiO2 phase shifter with period of 0.4 µm. (b) Transmission of 
TiO2 phase shifter with period of 0.45 µm. (c) Transmission vs. Taper Ratio for phase shifter 
with period of 0.45 μm and fill factor of 0.3 and 0.42 respectively. The thickness of the nano 
structures is fixed at 400 nm. 
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As can be observed in Fig. 3.3 (a & b), the transmission of nano structure varies when its fill 
factor and taper ratio is altered. At period of 0.4 µm, for fill factor below 0.4, the transmission 
decreases with the increase of taper ratio. For period of 0.45 µm, same trend can be found when 
fill factor is below 0.35 (Fig. 3.3 b). One example is drawn in Fig. 3.3 c blue line. This is because 
for nano structures with low fill factor, the major area is covered by air that their high transmission 
is mainly resulted from low material density. The creation of taper structure on low fill factor nano 
structures adds a major portion of material to the original structure. As a result, the blocking effect 
caused by the addition of taper side wall plays a more significant role compared with the effect of 
transmission enhancement. On the other hand, for nano structures with fill factor larger than 0.45 
(Fig. 3.3 a), the transmission increases with the increase of taper ratio. And the same trend is found 
for fill factor larger than 0.4 with period of 0.45 micron (Fig. 3.3 b). This indicates that, the taper 
enhancement effect become dominate beyond this point (fill factor of 0.45) at the period of 0.4 µm. 
At this point, we can conclude that, the tapered structure has transmission enhancement effect 
when the fill factor exceeds certain threshold. This is because the taper-blocking and taper-
enhancement effect together affecting the transmission of tapered subwavelength nano structure. 
 
While we can achieve high transmission with high refractive index material (e. g. TiO2) in low 
fill factor area, we discovered that it is not possible to design a micro lens with only low fill factor 
nano structures. As mentioned at the beginning, the design of planar micro lens relies on a known 
phase matching process, thus enough phase coverage is necessary in order to form a concentrating 
micro lens. As shown in Fig. 3.1 b, the phase coverage is very small (less than 40 degree) for nano 
structures with low fill factors (e.g. less than 0.4) in a range of periods. Furthermore, low fill factor 
is in another word high aspect ratio, which is challenging for either etching or lift off process. To 
acquire enough continuous phase shift with less challenging nano fabrication for TiO2, one group 
of dimensions is specified in blocks in Fig. 3.1 b and d. A micro lens with 17 phase shifters 
(NA=0.2) is designed within this area whose field distribution is shown as Fig. 3.4 (a) in 2D. The 
thickness of phase shifters is 400 nm and the lens is mounted on a glass substrate with thickness 
of 2 µm. 
   




Fig. 3.4 (a) Field distribution of normal TiO2 micro lens. (b) Field distribution of a ‘tapered’ 
TiO2 micro lens. The intensity is normalized by incident intensity. 
 
As shown in Fig. 3.4 (a), the lens has a very weak focus, this is because most of its phase 
shifters has very low transmission (0.2-0.3). As a result, reflection becomes dominant, which can 
also be observed in Fig. 3.1 (d). Instead of being a focusing lens, this lens become more of a 
reflector as the reflected power collected is around 64% of incident power.   
 
The good news is, based on our study, it is possible that these phase shifters’ transmissions be 
enhanced through the addition of tapered structure as all phase shifters utilized here show an 
increase of transmission with the growth of taper ratio. 
 
To test the transmission enhancement of tapered structure on micro lens, a taper side wall with 
b=0.15 is added to every phase shifter of the micro lens presented in Fig. 3.4 (a). The field 
distribution of taper enhanced micro lens is shown in Fig. 3.4 (b). As can be observed for tapered 
micro lens, a focus is formed at approximately the same place with none tapered lens (Fig. 3.4 a), 
while the intensity is increased by ~2.5 times.   
 
The reflected power is reduced from ~64% to ~38%, and the focus efficiency with 2 μm width 
(sensor is placed at the focus point with width of 2 μm) is increased from 9% to 28%. This shows 
that the lens’s transmission is significantly enhanced by the tapered structure which brings huge 
improvement of its focus property. Another point one has to be aware that the addition of tapered 
structure may bring extra phase shift to a nano structure which sometimes cause significant 
destructive effect to the focus performance if not designed in the taper resistant area. For the design 
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in Fig. 3.4 (b), most of the tapered structure are ‘taper resistant’ which means the extra phase 
introduced by taper side wall is very small that may not cause a major phase mismatch.  
3.3 Conclusion 
In summary, it is numerically demonstrated that a nano scale tapered structure can enhance 
the light transmission for phase shifters made from high refractive material. A subwavelength-
grating lens is designed to examine the transmission enhancement effect.  
 
As observed, the focus performance can be significantly increased by tapered structure. This 
is due to the increased transmission for each independent phase shifters. This result is not only 
important for the optimization of planar micro grating lens but also important for the design of 
micro-nano diffractive optical devices utilizing materials with high refractive index.  
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